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Cells of the innate immune system are essential for
host defenses against primary microbial pathogen
infections, yet their involvement in effective memory
responses of vaccinated individuals has been poorly
investigated. Here we show that memory T cells
instruct innate cells to become potent effector cells
in a systemic and a mucosal model of infection.
Memory T cells controlled phagocyte, dendritic cell,
and NK or NK T cell mobilization and induction of a
strong program of differentiation, which included
their expression of effector cytokines and microbici-
dal pathways, all of which were delayed in nonvacci-
nated hosts. Disruption of IFN-g signaling in Ly6C+
monocytes, dendritic cells, and macrophages
impaired these processes and the control of path-
ogen growth. These results reveal how memory
T cells, through rapid secretion of IFN-g, orchestrate
extensive modifications of host innate immune re-
sponses that are essential for effective protection
of vaccinated hosts.
INTRODUCTION
Cells of the innate immune system are essential for early sensing
and protective inflammatory responses against microbial patho-
gens (Medzhitov, 2007). These cells include tissue-resident
macrophages, blood-derived monocytes and neutrophils, den-
dritic cells (DCs), and NK and NK T lymphocytes that can quickly
bemobilized and differentiate into robust effector cells important
for the control of initial pathogen growth. Complete eradication
of pathogens from infected tissues and sterilizing immunity usu-
ally requires T and B lymphocytes, yet mobilization of these cells
from the adaptive immune system during primary pathogen
encounter is a lengthy process (Williams and Bevan, 2007). Dur-
ing immunization, pathogen-specific T cells undergo priming,
expand, and differentiate into memory cells that acquire
enhanced functional features including improved ability to sur-
vive, to quickly express high levels of effector functions, and to
traffic to infected tissues. Thus in immunized hosts, memory T
lymphocytes are capable of mediating rapid and efficient host
protection (Sallusto et al., 2010). In the course of various infec-974 Immunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc.tions, IFN-g always appears as a key cytokine produced by all
subsets of T and NK lymphocytes and is often essential for effec-
tive protection (Billiau andMatthys, 2009; Hu and Ivashkiv, 2009;
Zhang et al., 2008). Many reports have established the pleitropic
functions of IFN-g in inducing immune-response-related genes
and robust ‘‘Th1 cell’’ polarization, differentiation of ‘‘M1’’ mac-
rophages, and expression of microbicidal pathways (Martinez
et al., 2009; Mosmann and Coffman, 1989).
We and others have demonstrated that early activation and
differentiation of memory, but not naive, CD8+ T cells into IFN-
g-secreting effector cells occurs within only a few hours of a
challenge infection and in response to the inflammatory cyto-
kines interleukin-18 (IL-18), IL-12, and IL-15 (Berg et al., 2003;
Kupz et al., 2012; Raue´ et al., 2013; Soudja et al., 2012). Once
reactivated, memory T cells rapidly provide IFN-g but also other
inflammatory factors that modulate host innate immune de-
fenses (Narni-Mancinelli et al., 2007, 2011; Strutt et al., 2010).
However, to what extent IFN-g mobilizes cells of the innate
immune system during a dynamic memory response in vivo,
the precise mechanisms of interaction between memory T cells
and innate immune cells, and how important these processes
are for protective immunity, although significant to our under-
standing of memory T cell functions, have not been carefully
investigated. Herein, we hypothesize that IFN-g-dependent
modulation of innate immune responses is an essential compo-
nent of protection in vaccinated hosts during challenge infection
with virulent pathogens. We analyze the activation, differentia-
tion, and trafficking of innate myeloid and lymphoid cells in naive
or vaccinated mice undergoing a challenge infection. Finally, we
dissect the mechanism by which memory T cells are able to
orchestrate antimicrobial systemic and mucosal innate immune
responses, through rapid and highly effective IFN-g-dependent
mobilization of early microbicidal response of innate effector
cells.
RESULTS
Robust Activation of Innate Immune Cells during Recall
Infection
We first investigated whether the innate immune response in
vaccinated hosts was different from that of unimmunized mice.
For this, we injected WT C57BL/6 (B6) mice with either PBS or
attenuated DActA Listeria monocytogenes (Lm) or sublethal
doses of WT Lm, and 5–6 weeks later challenged mice with
WT Lm andmonitored the early activation of innate immune cells
in spleen and liver (Figure 1). We compared expression of
Figure 1. Innate Immune Cells Undergo Robust Activation during Challenge Infection of Vaccinated Hosts
Mice (WT B6) immunized with 106DActA (or in some cases 104WT) Listeria monocytogenes (Lm) intravenously (i.v.) or left unimmunized were challenged 5 weeks
later with 106WT Lm. At 8 and 24 hr later, spleens (B) and livers (C) fromprimary or secondary (recall) challengedmicewere harvested and cells stained for CD11b,
Ly6C, Ly6G, F4/80, CD11c, NK1.1, NKp46, and CD3 cell surface markers to define the distinct subsets of innate immune cells, and for indicated activation,
adhesion/chemotactic, and effector markers. In (A), example of FACS plots and histograms staining are shown. Bar graphs average 2–3 independent replicate
experiments (including DActA or WT Lm pooled altogether) with each dot featuring one individual mouse (n = 3–11 mice). *p < 0.1; **p < 0.01; ***p < 0.001; ****p <
0.001; (ns) p > 0.1. Error bars on graphs represent mean ± SD.
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Memory T Cells Orchestrate Innate Responsesmarkers of activation including costimulatory and adhesion
molecules and expression of key chemotactic receptors and
effector functions on Ly6C+ inflammatory monocytes, neutro-
phils, tissue-resident F4/80+ macrophages, CD11chi DCs, and
innate NK and NK T lymphocytes in primary and secondary chal-
lenged mice. By 8 hr after infection, Ly6C+ monocytes in vacci-
nated, but not in unimmunized, mice had already differentiated
into robust effector cells secreting high amounts of TNF-a and
CXCL9 and expressing inducible nitric oxide synthase (iNOS).
Modulation of cell-surface adhesion molecules (ICAM-1),
chemotactic receptors (CCR2, CCR5), and key antigen-presen-
tation-associated costimulatory proteins (CD40, CD80, CD86)
was also noticeable compared to primary infected mice (Fig-
ure 1A). Likewise, faster activation of neutrophils (TNF-a), tissuemacrophages (CXCL9), DCs (CD86), and NK (CD69, IFN-g) and
NK T (IFN-g) cells was also observed (Figures 1B and 1C). By
24 hr (and later, not shown), although innate immune cell activa-
tion was already decreasing in vaccinated mice, virtually all of
these innate cell subsets underwent strong activation in primary
challenged mice, consistent with previous studies (Kang et al.,
2008; Serbina et al., 2003). Thus, innate immune cells in vacci-
nated challenged mice underwent robust activation yet followed
a distinct kinetics compared to that of unvaccinated mice.
SpatiotemporalModifications ofCD11b+Cell Trafficking
and Inflammation in Vaccinated Hosts
We next explored whether the robust activation of innate im-
mune cells in vaccinated mice was also associated withImmunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc. 975
Figure 2. Rapid Recruitment, Increased Levels of Chemokines, and Differential Trafficking of Phagocytes in the Spleen of Secondary Chal-
lenged Mice
WT or CCR2-CFP+/B6mice immunized i.v. with 106DActA Lm or left unimmunized were challenged 5 weeks later with 106WT Lm, and 8 and 24 hr later spleens
were harvested.
(A) Cells were stained for CD11b, Ly6C, and Ly6G cell surface markers to define Ly6C+ monocytes and neutrophils.
(B) Levelsof indicatedchemokinesweremeasured in spleenhomogenates fromprimarychallenged, secondarychallenged (recall), or unchallenged (graydots)mice.
Bar graphs average three independent replicate experiments with each dot featuring one individual mouse (n = 5–14 mice) and p values are indicated.
(C) Spleens were stained for indicated markers and analyzed by confocal fluorescent microcopy. Spleen sections are representative of observations across six
mice in two independent replicate experiments.
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Memory T Cells Orchestrate Innate Responsesenhanced recruitment from blood to infected spleens (Figure 2A
and Figure S1A available online). Both blood phagocytes and NK
cells left the bone marrow and the blood, respectively, to reach
infected spleens, consistent with the kinetics of activation.
Levels of chemokines involved in mobilizing Ly6C+ monocytes
(CCL2), neutrophils (CXCL1), and NK cells (CXCL10, CXCL9)
concomitantly increased in the spleen of immunized mice (Fig-
ure 2B). Thus during challenge infection, innate immune cells,
both of myeloid and lymphoid origins, were rapidly recruited
from blood to infected tissues and expressed a robust program
of activation in vaccinated hosts only. We next wondered
whether these changes were also reflected in situ through differ-
ential trafficking and spatial positioning of innate immune cells.976 Immunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc.For this, we harvested the spleen of primary and secondary chal-
lenged CCR2-CFP+/ B6mice—which express the CFP reporter
protein in all CCR2+Ly6C+ monocytes—8 and 24 hr after the
infection, and we analyzed myeloid cell recruitment and localiza-
tion on tissue sections (Figure 2C). We stained for MOMA-1,
B220, CD3, and collagen IV expression to discriminate red and
white pulp (MOMA-1, Collagen IV) and B-T cell zones (B220,
CD3). We also stained for CD11b, iNOS, and CFP to identify
CD11b+ cells and CCR2+ monocytes. As quantified by flow cy-
tometry shown in Figure 2A, major recruitment and clustering
of CD11b+ cells (two upper rows) that included CCR2+CFP+
monocytes (lower row) were observed by 8 hr after infection
exclusively in the red pulp of vaccinated mice (Baje´noff et al.,
Immunity
Memory T Cells Orchestrate Innate Responses2010). Memory T and NK cells also localized to these clusters
and secretion of IFN-g and CXCL9 was detected from T-NK
cells and CCR2+ monocytes, respectively (Figure S1B, not
shown; and Baje´noff et al., 2010). By 24 hr and later (not shown),
most clusters had disappeared and cells dispersed throughout
the red pulp. In contrast, in primary challenged mice, it was
only by 24 hr that a massive influx of CD11b+ and CCR2+ mono-
cytes expressing iNOS in T cell areas was observed, as previ-
ously documented (Kang et al., 2008; Serbina et al., 2003).
Thus together with the distinct trafficking patterns, these results
are consistent with distinct fates of Ly6C+ monocytes in primary
versus secondary challenged mice.
Distinct T Cell Differentiation Pattern in Vaccinated
Mice
We then hypothesized that such striking differences in innate cell
trafficking and inflammation should also be reflected in the acti-
vation and the fate of pathogen-specific naive T cells (Haring
et al., 2006; Sung et al., 2012). To test this possibility, we first
transferred naive OT-I CD8+ T cells that bear a TCR recognizing
the ovalbumin (Ova)-derived SIINFEKL epitope presented byH2-
Kb into either naivemice or mice vaccinated withWT Lm 5weeks
earlier, and subsequently challenged them with Ova-expressing
DActA Lm (Figure S2A). Seven days later, we analyzed the
phenotype of OT-I cells isolated from spleen and liver of these
mice (Figures 3A and 3B). As expected, when OT-I cells were
transferred into naive recipient mice, they differentiated into
robust effector cells (KLRG1hiCD127loCXCR3loCD27lo, gran-
zyme Bhi). In contrast, upon transfer into Lm-immune mice,
OT-I cells acquired a memory phenotype (KLRG1loCD127hi
CXCR3hiCD27hi, IL-2hi, granzyme Blo IFN-ghi). Together this re-
flected the important differences in the overall environment of
naive and vaccinated hosts during challenge infection. We
further confirmed these results with endogenous Lm-specific
CD8+ T cells by usingWTKd-expressing B6mice (B6-Kd+) immu-
nized with Lm lacking expression of the immunodominant
LLO91-99 epitope (Lm-LLOSer92) (Figures 3C and S2B). These
mice develop long-term immunological memory against Lm yet
do not prime LLO91-99/K
d-specific (Tet+) CD8+ T cells. Five
weeks later, we challenged vaccinated or control naive mice
with DActA Lm and found that whereas endogenous LLO Tet+
CD8+ T cells differentiated into robust effector cells in nonimmu-
nizedmice, they becamememory-like CD8+ T cells in vaccinated
mice (Figure 3C and not shown). Proliferation was lower both for
LLO Tet+ (6% versus 12%) and OT-I (not shown) T cells, prob-
ably because bacteria (and therefore antigen) were cleared
faster in vaccinated mice. Interestingly, IL-12, which favors
KLRG1+ effector CD8+ T cell differentiation (Joshi et al., 2007),
is only transiently produced in vaccinated compared to primary
challenged mice (Figure 3D), consistent with CD8+ T cell differ-
entiation into memory-like CD8+ T cells in vaccinated hosts.
Collectively, these data highlighted the existence of major
spatiotemporal and inflammatory changes during recall infection
of vaccinated hosts.
Memory T Cells Orchestrate Innate Cell Activation
during Secondary Infection
We next asked whether the changes in the innate immune
response in immunized mice were accounted for by the pres-ence ofmemory T cells. Vaccinatedmicewere treatedwith either
CD8b, CD4, or both CD8b and CD4 depleting or control isotype
mAbs prior to the challenge infection, followed by measurement
of innate immune cell activation, trafficking, and inflammatory
cytokines as read-outs (Figure 4). Depletion of either CD8+ or
CD4+ T cells partially abrogated the rapid activation (8 hr) of all
innate immune cell subsets (Figure 4A). Elimination of both sub-
sets of T cells was required to prevent the early activation of
innate cells, establishing contributions of both memory CD8+
and CD4+ T cells 8 hr after infection. By 24 hr, however, memory
CD8+ but not CD4+ T cells controlled the pattern of innate cell
activation, not only correlating with CD8+ T cell-mediated control
of bacterial growth (Narni-Mancinelli et al., 2011), but also sug-
gesting complex spatiotemporal regulations of these processes.
Moreover, clustering of splenic CD11b+ cells, including CCR2+
monocytes in the marginal zone and red pulp areas, as well as
rapid chemokine and cytokine release, required both subsets
of T cells yet only minimal contribution of NK cells (Figures 4B,
4C, and S3A). Finally, adoptive transfer of Ly6C+ monocytes,
neutrophils, or NK cells into naive or vaccinated mice sub-
sequently challenged with WT Lm recapitulated the differential
activation observed during recall infection, ruling out ‘‘memory-
like’’ cell-intrinsic features of NK cells or Ly6C+ monocytes
(Figures 1, 2, and S3B). In summary, the robust activation and
red-pulp-marginal zone positioning of CD11b+ cells during chal-
lenge infection of vaccinated hosts is mostly accounted for by
pathogen-specific memory CD8+ and CD4+ T cells.
IFN-g Signals Drive Phagocyte and NK Cell
Differentiation during Recall Infection
Because (1) IFN-g is largely provided by pathogen-specific
memory T cells (>60% of IFN-g+ cells) within just 4 hr of infec-
tion in secondary challenged mice and (2) NK cells only poorly
contribute to the detectable levels of splenic IFN-g (Figures
S4A–S4E), we hypothesized that IFN-g from memory T cells
is the key initiator of innate immune cell activation in the Lm
infection model. To formally assess this possibility, we gener-
ated Ifng/ Thy1.1+ and control CD45.1+ Thy1.1+ mixed
bone-marrow chimeras by reconstituting lethally irradiated WT
B6 mice with bone-marrow cells from either Ifng/ or WT
CD45.1+ and WT Thy1.1+ donor mice (Figure 5A). Reconstituted
chimeras were immunized with attenuated DActA Lm and
treated with Thy1.1-depleting mAb or left untreated as controls,
prior to WT Lm challenge infection. We next monitored Ly6C+
monocyte, neutrophil, and NK cell activation (Figure 5B and
not shown). In Ifng/ Thy1.1+ chimeras that received anti-
Thy1.1 mAb, >95% of remaining T cells could not produce
IFN-g (not shown). In this group, both Ly6C+ monocytes and
NK cells exhibited impaired differentiation into CXCL9-,
TNF-a-, and IFN-g-producing cells, respectively, establishing
IFN-g from T cells as an essential orchestrator of innate im-
mune cell activation. Likewise, splenic chemokine amounts in
Thy1.1-depleted Ifng/ Thy1.1+ chimeras were significantly
decreased compared to that of CD45.1+ Thy1.1+ chimeras (Fig-
ure S4F). Of note, Ifng/ T cells were able to undergo efficient
reactivation in challenged chimeras (Figure S4G). In further
support that IFN-g acts as the key T-cell-derived lymphokine,
Ly6C+ monocyte and neutrophil cell-surface expression of
IFN-g receptor was quickly downregulated, consistentImmunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc. 977
Figure 3. Distinct Fates of Naive T Cells in Vaccinated and Naive Mice Challenged with WT Lm
(A and B) Naive ovalbumin (Ova)-specific OT-I Tomato+ cells were transferred to either naive or Lm-immunizedmice 5 weeks prior and challenged with 106DActA
Lm-Ova the next day. After 7 days, spleen and liver were harvested and OT-I cells stained for indicated cell surface (A) and intracellular (B) markers.
(C) Micewere immunized with 104 LLOser92 Lm or left unimmunized. Five weeks later, mice were challengedwith 10
6DActA Lm and after 7 days, wemeasured the
frequency of endogenous LLO91-99/K
d specific (tet+) CD8+ T cells and expression of indicated cell surface and intracellular markers.
(D) Levels of bioactive IL-12 were measured in spleen homogenates from mice primary and secondary (recall) challenged with 106 WT Lm.
Representative FACS histograms or plots are shown. Bar graphs average two to three independent replicate experiments with each dot featuring one individual
mouse (n = 3–11 mice) and p values are indicated.
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Memory T Cells Orchestrate Innate Responseswith IFN-g-mediated triggering, and STAT1 underwent phos-
phorylation in both subsets of cells during challenge infection
of vaccinated, but not of T-cell-depleted or naive, mice (Figures
5C and S4H). We next assessed whether IFN-g signaling to
innate immune cells indeed accounted for their activation dur-
ing recall infection. For this, we generated new sets of mixed
WT B6 bone-marrow chimeras reconstituted with cells from
IFN-g-receptor-deficient (Ifngr1/) and WT CD45.1+ mice (Fig-
ure 5D). Both Ifngr1/ and WT CD45.1+ myeloid cells reconsti-
tuted effectively before and after primary immunization with Lm
and exhibited comparable cell-surface phenotype (not shown).978 Immunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc.We also generated mixed chimeras with bone-marrow cells
from IFN-ab-receptor-deficient (Ifnar1/) and WT CD45.1+
mice. Analysis of splenocytes of these mice showed that
whereas WT cells underwent robust activation after challenge
with Lm, the differentiation of Ifngr1/ Ly6C+ monocytes and
neutrophils into effector cells was prevented. In contrast,
Ifnar1/ monocytes and neutrophils behaved like WT cells,
demonstrating that IFN-g, but not type I IFN, signaling to these
cells is the key signal. Of note, Ifngr1/ NK cells differentiated
into IFN-g-secreting cells similarly to WT NK cells (Figure 5D).
Because production of IFN-g by NK cells was delayed in Ifng/
Figure 4. Memory-T-Cell-Dependent Orchestration of Innate Immune Responses
WT B6 mice immunized with 106 DActA Lm i.v. or left unimmunized were challenged 5 weeks later with 106 WT Lm. In three of the groups, mice received CD4-,
CD8-, or CD4/CD8-depleting mAbs prior to the challenge infection.
(A) Activation status of specified cell subsets from the spleen of infected mice, defined as described in Figure 1.
(B) Spleen sections of primary and secondary (recall) challenged mice, depleted or not, and stained as described in Figure 2C.
(C) Cytokine/chemokine content in spleen from primary and secondary challenged mice either depleted or not.
Bar graphs average two to four independent replicate experiments with each dot featuring one individual mouse (n = 3–16 mice) and p values are indicated.
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Memory T Cells Orchestrate Innate ResponsesThy1.1+ chimeras, this suggested that indirect, but not direct,
IFN-g-dependent signals were involved in enhancing NK cell
activation. To test whether G-protein-mediated chemotaxis
may be implicated, we purified NK cells, incubated them with
pertussis toxin (Ptx)—which inhibits Gai-protein-coupled recep-
tors—or with medium alone before adoptive transfer to naive or
Lm-immunized mice subsequently challenged with WT Lm (Fig-
ure S4I). NK cell activation was impaired, consistent with theidea that IFN-g-dependent chemotaxis may be important for
NK cell localization to the red pulp and/or marginal zone area
clusters and activation (Figure S1B). Also, activation of Ly6C+
monocytes required IFN-g signaling in the liver, suggesting
that these mechanisms occurred outside the spleen and in
other major infected organs (Figure 5E). Finally, monitoring
the respective recruitment of Ifngr1/ and WT CD45.1+
Ly6C+ monocytes, neutrophils, and NK cells to the spleenImmunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc. 979
Figure 5. IFN-g from Memory T Cells Is a Major Contributor to Innate Immune Cell Activation in Vaccinated Mice
(A) Experimental scheme to generate bone-marrow chimeras and immunization/challenge procedures used in (B)–(E). All time points after challenge infections are
indicated for each experiment shown.
(B) Ifng/ Thy1.1+ mixed bone-marrow chimera were treated or not with anti-Thy1.1 depletingmAb 1 day prior to challenge infection, and Ly6C+monocytes and
NK cells expression of indicated markers was monitored in the spleen.
(C) Cell-surface expression of IFN-g receptor and STAT1 Tyr701 phosphorylation in Ly6C+ monocytes during primary and recall infection in mice depleted of
T cells or not.
(D) Expression of indicated markers by WT, Ifngr1/, or Ifnar/ innate immune cells in the spleen of WT CD45.1+ and Ifngr1/ or Ifnar/mixed bone-marrow
chimera after recall infection.
(E) CXCL9 and TNF-a secretion by WT and Ifngr1/ Ly6C+ monocytes in the liver of WT CD45.1+ Ifngr1/ mixed bone-marrow chimera after recall infection.
(F) Expression of CXCL9 and TNF-a by Ly6C+ monocytes adoptively transferred from the bone marrow of WT CD45.1+ or indicated knockout mice into Lm-
vaccinated WT B6 mice challenged with WT Lm.
(C and E) Representative flow cytometry histograms or dot plots are shown.
Bar graphs average two to four independent replicate experiments with each dot featuring one individual mouse (n = 3–11 mice) and p values are indicated.
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(8 hr), consistent with our interpretation that these cells undergo
defective activation rather than recruitment (Figure S4J).980 Immunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc.In response to IFN-g, production of IRF-1 is induced via
STAT1, leading to enhanced expression of multiple IFN-g-
dependent genes (Hu and Ivashkiv, 2009). To explore whether
Immunity
Memory T Cells Orchestrate Innate ResponsesIRF-1 was involved as a downstream effector of STAT1 in the
response of innate immune effectors to IFN-g, we adoptively
cotransferred WT CD45.1+, Ifngr1/, and Irf1/ bone-marrow
cells into Lm-vaccinated mice that we challenged with WT Lm
and monitored the activation of Ly6C+ monocytes (Figure 5F
and not shown). Although lack of IFN-g receptor prevented
their activation consistent with results from the bone-marrow-
chimera experiments, Irf1/ monocytes produced CXCL9 and
TNF-a and upregulated cell-surface CD86, CD40, and ICAM-1
to comparable extent as WT monocytes, suggesting that
STAT1-IRF1-independent pathways regulate expression of
these molecules by Ly6C+ monocytes (Gil et al., 2001). Thus,
our results collectively identified IFN-g from memory CD4+ and
CD8+ T cells and possibly NK cells as a major orchestrator of
an IRF-1-independent innate immune response to Lm challenge
observed in vaccinated mice.
IFN-g Potentiates Innate Cell Recruitment to Tissues
and Activation
We next sought to define further the mechanism of IFN-g-medi-
ated activation of innate cells that occur during a recall infection.
Innate immune cells are known to efficiently sense microbial sig-
nals (Medzhitov, 2007) and IFN-g can also ‘‘prime’’ these cells
(Car et al., 1994; Foster et al., 2007; Hu et al., 2002; Zanetti
et al., 1992). To establish the contribution of these different sig-
nals to innate cell activation, WT naive mice were either injected
with recombinant IFN-g (rIFN-g) or left untreated, then inocu-
lated with or withoutWT Lm, and innate immune cell mobilization
and activation was monitored (Figures 6 and S5). Treatment with
rIFN-g alone in unimmunized mice promoted rapid egress of
memory phenotype (CD44hi) CD8+ T and NK cells from blood
to tissues and of Ly6C+ monocytes and neutrophils (Figures 6A
and S5A), which was probably accounted for by the rapid in-
crease in the levels of CCL2, CXCL10, and CXCL1 in blood
and spleen of mice that received rIFN-g (Figure 6B). Further-
more, rIFN-g injection resulted in CXCL9 production and
CD40, CD86, and ICAM-1 upregulation by the vast majority of
monocytes in spleen and liver without any microbial signals (Fig-
ures 6C and 6D). Interestingly, microbial signals—provided
through inoculation of WT Lm—did not substantially induce
any of these functions at this time point. Also, microbial signals
associated with rIFN-g did not significantly enhance expression
of these functions, suggesting that IFN-g alone is sufficient to
mediate recruitment of leucocytes to tissues and increase che-
mokine levels and expression of sets of costimulatory and adhe-
sion molecules by myeloid cells (Figures 6A–6D). Of note,
expression levels of these markers were equivalent to those
measured in control vaccinated mice challenged with WT Lm.
In contrast, secretion of TNF-a by monocytes and neutrophils
was induced by IFN-g or by microbial signals (Figure 6D). Inter-
estingly, secretion of TNF-a was further potentiated by rIFN-g
treatment in spleen and liver compared to that seen in mice pri-
mary infected with Lm. Of note, levels of TNF-a produced in sec-
ondary challenged control mice were either superior or similar to
that of IFN-g-treated groups. To extend these observations to a
peripheral mucosal tissue, we inoculated WT mice intranasally
with LPS, a robust microbial signal fromGram-negative bacteria,
with or without rIFN-g (Figures 6E, S5B and not shown). As
observed in spleen and liver, IFN-g alone was a potent inducerof CXCL9 release by Ly6C+ monocytes and upregulation of
CD86 and CD40 in the lung, yet microbial signals alone did not
promote production of CXCL9. In line with these results, inocula-
tion of rIL-12 and rIL-18, which induce the rapid release of IFN-g
by NK and memory CD8+ T cells (Berg et al., 2003; Kupz et al.,
2012; Soudja et al., 2012), potentiated the effect of LPS (Fig-
ure 6E). As for the other organs, secretion of TNF-a by phago-
cytes was maximized in presence of IFN-g.
To dissociate the importance of IFN-g versusmicrobial signals
during recall infection, we performed adoptive transfers of bone-
marrow cells from mice lacking two major pathways involved in
early microbial response, from Ifnar/ and Myd88/, and WT
and Ifngr1/ mice as controls, into Lm-vaccinated recipient
mice. We found that MyD88-dependent microbial signals indeed
regulated the ability of monocytes to secrete TNF-a, but not
CXCL9 or iNOS expression and cell surface CD40 (Figure 6F),
consistent with a most essential activating function of IFN-g
during the secondary infection.
IFN-g can ‘‘prime’’ innate immune cells, a process also
described as the Shwartzman lethal reaction (Ozmen et al.,
1994) in which mice treated with LPS or IFN-g that receive a
second injection of LPS 24 hr later undergo rapid inflammatory
cytokine-mediated death (TNF-a, IL-1) (Car et al., 1994; Zanetti
et al., 1992). To assess whether such observations could be
extended to the robust potentiating effect of IFN-g that we
have observed during concomitant microbial triggering, we in-
jectedmice with high doses of LPS as amodel of sepsis together
with rIFN-g or with saline. Mice coadministered with LPS and
IFN-g underwent dramatic reduction of body temperature, ex-
hibited high serum levels of TNF-a, and died significantly faster
compared to those that received only LPS (Figure 6G). Thus,
as hypothesized, IFN-g can synergize with microbial stimulation.
In summary, IFN-g acts as a powerful switch and potentiating
cytokine of innate immune cell recruitment, costimulatory and
adhesion molecules, and danger-sensing pathways leading to
proinflammatory molecule production, overall regulating cellular
immune responses.
IFN-g-Dependent Antimicrobial Genetic Signature in
Monocytes from Vaccinated Mice
To achieve a more global understanding of the impact of IFN-g
signaling on innate immune cell activation and differentiation
during the recall infection, we carried out analyses at the
whole-genome transcript level. We focused on Ly6C+ mono-
cytes, given their importance in activating memory cells and as
robust effector cells (Shi and Pamer, 2011; Soudja et al., 2012),
and performed whole-genome expression arrays of purified
Ly6C+ monocytes from naive or vaccinated mice challenged
with WT Lm (Figure 7). Interestingly, the number of genes differ-
entially expressed compared to unchallenged mice was more
restricted in vaccinated than in primary infected mice (factor of
3) (Figure S6A) and only 149 genes were found to overlap
between the two groups (Figure 7A). Gene ontology (GO)
pathway analysis highlighted strong cellular responses to
IFN-g and immune-defense-related signatures in vaccinated
mice whereas a more general inflammatory yet less focused
signature was observed in nonvaccinated mice (Figure S6B).
We next compared the expression of LPS and IFN-g
target genes established in macrophages (Broad Institute;Immunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc. 981
Figure 6. Recombinant IFN-g Promotes Rapid Phagocyte Activation in Tissues and Potentiates Microbial Signals
(A–C) Naive WT B6mice were injected i.v. either with WT Lm (106) or PBS, and 4 hr later with recombinant IFN-g (15,000 UI). Control groups included primary and
(D) secondary (recall) challenged mice. Blood or organs were harvested 8 hr after the start of the experiment and cell suspensions stained for indicated cell
surface or intracellular markers.
(A) Blood or spleen cells were stained with cell-surface CD8, NKp46, Ly6C, CD11b, and Ly6G to define indicated cell subsets.
(B) Levels of indicated cytokines and chemokines were measured in blood and spleen homogenates.
(C) Cell surface expression of CD86, CD40, and ICAM-1 on spleen Ly6C+ monocytes and CD11chi DCs.
(D) CXCL9 and TNF-a secretion by Ly6C+ monocytes and neutrophils extracted from spleen and liver with (TNF-a) or without (CXCL9) heat-killed Lm restim-
ulation.
(E) Naive WT B6 mice were treated intranasally with PBS with or without combinations of LPS (500 ng), recombinant IL-12 (1 ng), and IL-18 (100 ng) or rIFN-g
(5,000 UI), and CXCL9 and TNF-a secretion from Ly6C+ monocytes and neutrophils from the lung was measured after in vitro restimulation.
(F) Expression of CXCL9, TNF-a, iNOS, and CD40 by Ly6C+ monocytes adoptively transferred from the bone marrow of WT CD45.1+ or indicated knockout mice
into Lm-vaccinated WT B6 mice challenged with WT Lm.
(legend continued on next page)
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after Lm challenge infection, via gene set enrichment analysis
(GSEA) (Figure 7B). Overall, inflammatory and IFN-g-dependent
genes were upregulated in vaccinated mice and these included
known IFN-g-induced genes. Among these were functional
markers that were also highlighted in our prior analyses (Figures
1 and 5) such as the chemokines CXCL9, TNF-a, ICAM-1, and
NOS2 (Figure 7C). Most importantly, this analysis revealed a
whole set of genes encoding the guanylate binding proteins
(Gbp), Gbp1-11, that belong to the IFN-g-inducible GTPases su-
perfamily and were recently implicated in cell-autonomous host
defense against intracellular bacteria through the activation of
the phagocyte oxidase, antimicrobial peptides, and autophagy
effectors (Kim et al., 2011; Yamamoto et al., 2012). Upregulation
of all described gbp mRNAs was confirmed by quantitative RT-
PCR on purified Ly6C+ monocytes from primary or secondary
challenged mice (Figure 7D). Thus, these data from whole-
genome expression arrays of Ly6C+ monocytes are consistent
with a global memory-T-cell- and IFN-g-dependent polarization
of innate immune defenses during infection of protected mice.
Essential Role of IFN-g Signaling to Dendritic Cells and
Monocyte or Macrophages for Effective Host Protection
Because our findings highlighted the role of IFN-g as a major
initiator of antimicrobial innate immune responses in vaccinated
mice, we next examined whether IFN-g signaling to innate
myeloid cells was a critical element of protection during infection
of vaccinated hosts. We generated mixed bone-marrow chi-
meras in WT B6 recipient mice reconstituted with bone-marrow
cells from Ifngr1/ and transgenic mice expressing the diph-
theria toxin receptor (DTR) selectively in CCR2+, CD11c+, or
both cell subsets. This creates mice in which DTR-expressing
cells can be rapidly and selectively depleted upon diphtheria
toxin (DT) injection (Figure 7E). As a control group, mice were
reconstituted with CD45.1+ and CD11c-DTR+/3CCR2-DTR+/
bone-marrow cells. We immunized all groups with DActA Lm-
Ova and 5–6 weeks later, the mice were challenged with 106
WT Lm-Ova 12 hr after DT treatment. Mice were sacrificed
24 hr after challenge infection, and bacterial titers were deter-
mined in spleen and liver. Mice left with only Ifngr1/ DCs,
Ly6C+ monocytes, and red pulp macrophages exhibited sub-
stantially increased Lm burden both in spleen and liver by a fac-
tor of 11 and 150, respectively, formally demonstrating the
importance of IFN-g for effective protection of vaccinated hosts
through its effect on monocytes, DCs, andmacrophages. Selec-
tive elimination of either monocytes (CCR2-DTR+/) or DCs and
red pulp macrophages (CD11c-DTR+/) led to partial loss of pro-
tection in liver (by a factor of 10 in both cases), relative to the
loss of protection observed upon depletion of all of these cell
subsets. In the spleen, however, monocytes accounted for
nearly the entire IFN-g-dependent protective effect whereas
increased protection (and lower CFUs) was observed when
DCs were depleted (by a factor of 7), possibly because Lm ac-
cess to the spleen was impaired in the absence of DCs (Edelson(G) Naive WT B6 mice were injected i.v. with recombinant IFN-g (15,000 UI) or n
perature in the two experimental groups 4 hr after treatment, and kinetics of mic
Bar graphs average two to three independent replicate experiments with each dot
bars on graphs represent mean ± SD.et al., 2011; Neuenhahn et al., 2006). Because IFN-g represents a
key lymphokine involved in host protection during primary infec-
tion (Harty and Bevan, 1995; Lee et al., 2013), we wondered
whether our results could not just be accounted for by the lack
of IFN-g signaling to DC, macrophages, and Ly6C+ monocytes
in the chimera mice. We assessed this possibility by challenging
nonvaccinated Ifngr1/ and WT mice and measured bacterial
titers in spleen and liver 24 hr later (Figure S6C). We found only
small differences in viable bacteria in both organs (factor of
1.5–3.5), suggesting that, in contrast to recall infection in which
substantial differences in bacterial CFUs were measured (factor
of 10–150) (Figure 7E), IFN-g signaling during primary infection
does not account for substantial protection defects at such early
times after the infection. Thus, IFN-g signaling to innate immune
cells, including both CCR2+ monocytes and CD11c+ DCs and
macrophages, represents an importantmechanism of protection
of vaccinated hosts during challenge infection with virulent
bacteria.
As an initial approach to extending this rapid IFN-g-mediated
activation of innate phagocytes to a relevant model of mucosal
infection in which IFN-g from T cells is known to be required
for protection of vaccinated hosts (Gebhardt et al., 2009; Iijima
et al., 2008), we immunized mice intravaginally with an attenu-
ated strain of herpes simplex virus (TK HSV2) that induces
long-term memory-T-cell-mediated immunity. Five weeks later,
we challenged these mice or unimmunized control mice with
WT HSV2 and monitored Ly6C+ monocyte activation in draining
LNs and vaginal mucosa (Figure 7F). As hypothesized, and simi-
larly to the Lm model, Ly6C+ monocytes underwent robust
recruitment and differentiation into CXCL9- and TNF-a-secreting
effector cells in vaccinated mice. Taken together, our results
support a model in which an important mechanism of protection
of vaccinated hosts requires mobilization and activation via
IFN-g of various subsets of innate immune effector cells like
Ly6C+ monocytes.
DISCUSSION
In the present study, we have provided an extensive analysis of
innate immune responses during infection of previously immu-
nized hosts, demonstrating that IFN-g secreted by memory
T cells acts as a signal to many important subsets of innate
myeloid cells. Our findings highlight the key contribution of
Ly6C+ monocytes, DCs, and tissue macrophages to the rapid
and efficient protective responses observed in vaccinated hosts.
Our study provides a systematic investigation, via relevant
models of infections, of howmemory-T-cell-derived IFN-gmedi-
ates its effects in vivo. We established that the potent effects of
IFN-g from memory T cells were achieved through multiple
mechanisms, including recruitment, activation, and potentiation
of innate cell effector functions.
We have previously shown that memory CD8+ T cells undergo
early reactivation and differentiation into robust IFN-g-secreting
effector cells independent of cognate antigen recognition and inot, and 30 min later with LPS (100 mg). TNF-a serum levels, mouse body tem-
e survival are shown.
featuring one individual mouse (n = 3–10mice) and p values are indicated. Error
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vided by activated inflammatory Ly6C+ monocytes (Soudja
et al., 2012). Our results further highlight that early IFN-g pro-
duced by memory T cells is a critical link promoting the rapid
activation of myeloid lineage and NK cell effectors, and subse-
quent recruitment of a range of antimicrobial factors essential
for protection of vaccinated hosts. Although initiation of memory
T cell differentiation is independent of cognate antigen, and con-
tributes to some level of pathogen killing, antigen recognition is
required for full protection of the host. In particular, recognition
of cognate antigen bymemory T cells is essential for stabilization
of APC andmemory T cell interactions in situ (Kastenmu¨ller et al.,
2012, 2013). The formation of transient clusters of memory
T cells, monocytes, and neutrophils observed in the red pulp or
marginal zone area of infected spleens strongly correlates with
efficient control of pathogen growth, probably preventing its
spreading to white pulp areas (Baje´noff et al., 2010; Soudja
et al., 2012). Complex inflammatory and antigen-dependent
mechanisms involving cross-talk between memory T cells and
innate immune cells are clearly required to sustain optimal mem-
ory responses over time. The massive recruitment of memory
and NK lymphocytes and of monocytes and neutrophils that
occurs from the blood of vaccinated mice to infected tissues re-
quires multiple chemotactic and adhesion processes with high
levels of redundancy. Our observations support amodel in which
the rapid activation of memory T and NK cells by CCR2+ mono-
cytes induces the initial wave of IFN-g that in turn promotes
secretion of CCL2, CXCL1, CXCL9, and CXCL10 chemokines
to further recruit additional CXCR3+ memory and NK lympho-
cytes and potentiate IFN-g-dependent responses. This is
consistent with elegant dynamic studies of infected lymph nodes
(LNs) showing memory CD8+ T cells congregating near the pe-
ripheral entry portal of lymph-borne bacterial and viral patho-
gens via a CXCL9-CXCR3-mediated mechanism, ultimately
leading to the containment of infectious pathogens (Kastenmu¨l-
ler et al., 2012, 2013; Sung et al., 2012). During primary infection
of mice with Lm or Toxoplasma gondii, NK cells were also pro-
posed as major orchestrators of blood phagocyte recruitment
and activation, yet memory T cells substituted for this role during
infection of vaccinated mice, using equivalent IFN-g-dependentFigure 7. IFN-g Signaling Induces Strong Antimicrobial Gene Signatur
and CCR2+ Cell-Mediated Protective Immunity
(A–D) Age-matched CCR2-CFP+/B6 females immunized withWT Lm (104) or left
monocytes from spleenwere flow sorted based onCD11b, Ly6C, andCFP expres
(A) Venn diagrams comparing the numbers of differentially and commonly expres
adjusted p value < 0.05).
(B) GSEA plot comparing gene expression arrays related to LPS-induced inflam
primary versus secondary challenged mice.
(C) Heat maps of IFN-g-related genes in monocytes from primary and secondary
compared to that of unchallenged mice. Each experimental gene array conditio
independent experimental replicates with one mouse/group for each condition t
(D) Relative expression of indicated guanylate binding protein (Gbp) genes in mo
experiment was performed independently on a group of mice different from the
(E) Indicated mixed bone-marrow chimera reconstituted with WT CD45.1+ or Ifn
were immunized with DActA Lm (106). 5 weeks later, mice were challenged with W
liver after 24 hr.
(F) Ly6C+ monocyte recruitment and activation (CXCL9, TNF-a) at 48 hr in the
attenuated TK HSV-2 (recall) or left unimmunized (primary) and challenged with
All graphs average two to three independent replicate experiments with each dot
bars on graphs represent mean ± SD.mechanisms (Goldszmid et al., 2012; Kang et al., 2008). In this
way, memory T cells play an important role in rapidly containing
the spreading and enhancing the killing of pathogens.
Our results underline a remarkable IFN-g-dependent skewing
of the differentiation of all subsets of innate cells that occurs dur-
ing infection of vaccinated mice. Chemotaxis, secretion of proin-
flammatory cytokines and chemokines, antigen presentation
and costimulation, microbicidal functions, and effector molecule
expression are strongly induced by IFN-g both directly (myeloid
cells) and indirectly (NK, NK T cells). Even though IFN-g exhibits
a variety of immunomodulatory roles, whether IFN-g is essential
for host protection often remains dependent on the pathogen. In
the case of Lm, immunized mice develop long-term memory
CD8+ T-cell-dependent protection, and selective depletion of
this subset of T cells abrogates protective immune responses
against a recall infection with virulent WT Lm. Although our re-
sults establish a clear effect of IFN-g frommemory T cells on pro-
tective recall responses against Lm, this effect remains partial in
particular in the spleen of these mice, with slightly more than a
log bacteria CFUs, compared to the usual 2–3 logs observed in
fully protectedmice (Neighbors et al., 2001). One possible expla-
nation is that neutrophils, which are still present in DT-treated
CD11c-CCR2 DTR+ Ifngr1/ chimeras, are secreting high levels
of TNF-a in response to IFN-g, and TNF-a is known to be abso-
lutely required for protective memory responses (Narni-Manci-
nelli et al., 2007; Neighbors et al., 2001). Another explanation
for this result might be that WT tissue-resident macrophages
from irradiated recipient mice, which are known to phagocyte
intravenously injected Lm, are still present by 2–3 months after
irradiation (50%) (Hashimoto et al., 2013) and undergo potent
antimicrobial activation in response to IFN-g. Moreover, the sub-
set of innate cell that is most important might vary depending on
the infected tissue as suggested by our data comparing infected
spleen and liver.
In the case of HSV2 infection, IFN-g frommemory CD4+ T cells
seems essential for protective responses in vaccinated mice by
initiating the rapid secretion of local CXCL9 and CXCL10 (Iijima
et al., 2008; Nakanishi et al., 2009), which further promote
CXCR3-mediated accumulation of IFN-g-secreting memory
T cells from blood. Altogether, this is consistent with oure in Ly6C+ Monocytes from Vaccinated Mice and Promotes CD11c+
unimmunized were challenged withWT Lm (106) 5 weeks later. After 8 hr Ly6C+
sion. All expression arrays/qRT-PCRdata shown are in Ly6C+CFP+monocytes.
sed genes in monocytes from primary versus secondary challenged mice (with
mation and IFN-g stimulation in monocytes/macrophages in monocytes from
challenged mice either depleted of T cells or left undepleted prior to challenge,
n had three mice/group and monocyte purifications were performed as three
ested.
nocytes from primary versus secondary challenged WT B6 mice (n = 3). This
microarray analysis and p values are indicated.
gr1/ and CD11c-DTR+/3CCR2-DTR+/, CD11c-DTR+/, or CCR2-DTR+/
T Lm 12 hr after DT treatment. Bacterial titers were determined in spleen and
vagina and draining iliac lymph nodes (dILNs) of WT mice immunized with
WT HSV-2 4 weeks later.
featuring one individual mouse (n = 4–12mice) and p values are indicated. Error
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chemokine secretion (CCL2, CXCL10, CXCL1), blood phagocyte
recruitment, and subsequent activation via CXCL9 and TNF-a.
Along these lines, tissue-resident memory T cells were indeed
proposed to function as ‘‘sentinels’’ of the immune system local-
ized at the portal of pathogen entry that can provide rapid host
protection, also via IFN-g (Gebhardt et al., 2009; Schenkel
et al., 2013). Alternatively, our experiments using rIFN-g in a
model of sepsis also illustrate the in vivo potency of IFN-g signals
and underline their important potential negative outcomes.
In summary, this study reveals the importance of cross-talk
between memory T cells and innate immune effector cells in vivo
during the early phase of infection. Our findings open new poten-
tial therapeutic strategies to intervene to the benefit of the host




Mice were bred in our SPF animal facility. In brief, we used wild-type (WT)
C57BL/6J (B6) 6- to 8-week-old mice, congenic CD45.1+ and Thy1.1+ B6,
and transgenic B6 mice Rosa26-Actin-tomato-stoploxP/loxP-GFP, Td+, OT-I
Rag1/, Rag1/, B6-Kd, CCR2-DTR-CFP+/, CD11c-DTR+/, Ifngr1/,
Ifnar/, Irf1/, and Ifng/, most from Jackson Labs (see Supplemental
Information for further details).
Microbial Pathogens, Mice Infections, and Measure of Protective
Immunity
We used WT and DActA Lm and Lm-Ova (strain 10403s), expressing the oval-
bumin (Ova) model antigen and WT LLOSer92 Lm. For infections, bacteria were
grown to a logarithmic phase in broth heart infusion medium, diluted in PBS to
infecting concentration, and injected i.v. In all experiments, mice were primary
immunized with 0.13 LD50DActA (10
6) or WT Lm, Lm-OVA, LLOSer92 Lm (10
4).
Secondary challenge infections were performed 4–6 weeks later with 106 WT
Lm or Lm-Ova unless otherwise specified. In most bone-marrow chimera ex-
periments, we used DActA Lm for primary immunizations. For bacterial titers,
organs were dissociated in 0.1% Triton X-100 and plated onto BHI plates to
count CFU numbers 24 hr later.
Herpes Simplex Virus 2
Femalemice treated with 2mgmedroxyprogesterone acetate subcutaneously
(s.c.) were immunized or not 5 days later intravaginally with 2 3 105 plaque
forming units (PFU) of 186DKpn HSV-2 (TK HSV-2). After 5–6 weeks, mice
were infected with 105 WT HSV-2 strain 186, and organs were harvested
2 days later.
Preparation of Cell Suspensions for Flow Cytometry and Adoptive
Transfers
Spleens or iliac lymph nodes were dissociated on nylon mesh, lungs were cut,
organs were incubated in HBSS medium with 4,000 U/ml collagenase I and
0.1 mg/ml DNase I, and red blood cells (RBCs) were lysed with NH4Cl buffer
(0.83% vol/vol). For lungs and livers, mice were perfused with PBS 0.5 mg/ml
brefeldin A, filtered, and centrifuged on a percoll gradient 67%/44%. Vaginas
were cut into small pieces and digested with a cocktail of enzymes with Golgi
plug/STOP in HBSS 10% FCS. Blood was harvested into heparin tubes and
RBC lysed.
Measure of Splenic Cytokine and Chemokine Content
Frozen spleens were thawed in 150 ml of lysis buffer (150mMNaCl, 40 mM Tris
[pH 7.4]) containing protease inhibitors and homogenized with a douncer, and
supernatants were centrifuged before dosing via FACS-based bead assays.
Cell Staining for FACS Analysis
Cell suspensions were incubated with 2.4G2 and stained with specified anti-
bodies cocktail (Table S1) in PBS 1% FCS, 2 mM EDTA, 0.02% sodium azide.986 Immunity 40, 974–988, June 19, 2014 ª2014 Elsevier Inc.For intracellular staining (ICS), cells were incubated 3–4 hr 37C, 5% CO2 in
RPMI1640 5% FCS, Golgi Plug, fixed in IC fixation buffer, and permeabilized
and stained 30 min against indicated intracellular markers.
Purification of Ly6C+Monocytes forMicroarray Analysis or qRT-PCR
Spleen cells from challenged CCR2-CFP+/B6mice were enriched by positive
selection of cells expressing CD11b and flow-sorted (Aria III) based on CFP+
lin cells (NK1.1Ly6GB220CD3). A total of 10,000 cells were collected
into 150 ml lysis buffer.
Microarrays and Quantitative RT-PCR
RNA from purified Ly6C+monocytes was extractedwith the RNAqueousMicro
kit (Ambion) and amplified with the WT Ovation Pico System (Nugen). RNA
quality score and quantity was assessed with a Bioanalyzer 2100 Nano Chip
before hybridization to Affymetrix Mouse Gene ST 1.0 arrays.
cDNA was synthesized from extracted RNA with SuperScript III Reverse
Transcriptase. Quantitative RT-PCR was performed with Power SYBR green
PCR Master Mix. Primer sequences are given in Table S2.
NK and Bone-Marrow Cell Transfers
Bone-marrow cells were labeled with different amount of CFSE (10 mMor 1 mM)
and 2–4 3 106 CFSEhi and CFSElo cells were cotransferred into unimmunized
or Lm-immunized WT B6 mice 30 min after challenge with 106 WT Lm.
For NK cell transfers, spleen cells from Rag1/ mice were negatively en-
riched (Ly6G, Ter119, I-A/E cells) and 0.5–13 106 NK cells were adoptively
transferred to recipient mice.
Cell Subset Depletion
CCR2+ and CD11c+ cells were depleted from diphtheria toxin receptor (DTR)-
expressing mice via 10 ng/g/mice of diphtheria toxin (DT) 12 hr prior to infec-
tion. CD8+ and CD4+ T cells were depleted by injecting i.v. 150 mg of purified
anti-CD8b (H35) and/or anti-CD4 (GK1.5) 1 day before infection. For Thy1.1+
or NK cell depletion, we used 250 mg of purified anti-Thy1.1 mAb (19E12) or
PK136 ascites, respectively, injected i.p. 2 days before infection.
Generation of Bone-marrow Chimera Mice
Lethally irradiated WT B6 mice (1,200 rads) were immediately reconstituted
with 2 3 106 bone-marrow cells isolated from indicated donor mice. Ifng/
Thy1.1+ and CD45.1+ Thy1.1+ were reconstituted at a 7:3 ratio; Ifngr1/ or
Ifnar/ and CD45.1+ received a 1:1 ratio; Ifngr1/ and CCR2-DTR+/ or
CD11c-DTR+/ or both DTR+ received a 7:3 ratio. Expected chimerism of
reconstituted mice was checked 6–8 weeks later.
Immunostaining for Confocal Microscopy Analysis
Frozen spleen sections were fixed in acetone and stained with indicated anti-
bodies. Images were taken on a Leica SP5 confocal microscope and pro-
cessed with Adobe Photoshop software.
Statistics
Statistical significance was calculated by an unpaired Student’s t test with
GraphPad Prism software, and two-tailed p values are given as *p < 0.1;
**p < 0.01; and ***p < 0.001; (ns) p > 0.1. All p values of 0.05 or less were
considered significant and are referred to as such in the text.
Detailed and all additional methods can be found in Supplemental
Information.
ACCESSION NUMBERS
The microarray data are available in the Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/gds) under the accession number
GSE58014.
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Procedures, and two tables and can be found with this article online at
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